We introduce a novel approach in simple and highly sensitive fluorometric determination of ammonium nitrogen. The proposed method is based on a fluorescence derivatization with benzyl chloride. The benzyl chloride was converted to a new fluorescent derivative by reaction with ammonium ion (NH 4 + ) in the presence of sodium bicarbonate. The excitation and emission wavelengths were 258 and 284 nm, respectively. The effects of benzyl chloride concentration, sodium bicarbonate concentration, reaction temperature and time, and hydrochloric acid concentration were studied in detail. Under the optimal conditions of the experiment, the linear range for determination of ammonium nitrogen was 0.01-0.60 mg L -1 , and the detection limit was 0.008 mg L -1
Introduction
Nitrogen is an essential nutrient for all forms of life, and even small changes in biologically-available nitrogen levels can affect the levels of microbiological, plant and animal life. 1 In water, there exist toxic, unionized ammonia (NH 3 ) and the relatively non-toxic ionized ammonium ion (NH 4 + ). In the pH range of most natural waters, ammonium nitrogen will exist mainly as ammonium ion. 2 Ammonium is a reduced form of nitrogen and can be oxidized, so it is one of the important micronutrients and intermediates of the nitrogen cycle in aquatic ecosystems. 3 However, ammonium is also a common alkaline pollutant in freshwater, and acutely toxic to some fish at concentrations of 200 μg N L -1 . 4, 5 High concentrations of ammonium nitrogen in water can lead to nutrient enrichment in water ecosystem, and the subsequent increase in biological activity can lead to algal blooms, oxygen depletion, odor and toxicity problems. 6 Moreover, ammonium in drinking water is readily transformed into nitrate, which is reportedly toxic for human beings. 7, 8 Therefore, the quantity of ammonium nitrogen is a routine examination for the monitoring of surface water and wastewater in China. The development of a sensitive and selective analytical method for ammonium nitrogen is significant in the environmental evaluation of water pollution and fundamental to the understanding of nitrogen cycling in aquatic ecosystems. 9 Various methods and techniques have been developed for the estimation of ammonium nitrogen concentration in different samples. [10] [11] [12] [13] [14] The most popular techniques for the determination of ammonium nitrogen in aqueous samples are the spectrophotometry method based on the formation of Nessler reagent 15 or indophenol blue 16 and ion-selective electrode method. 17 Though the spectrophotometry method using Nessler reagent or indophenols blue is simple and economical, it is not sensitive enough for the determination of sub-micromolar concentrations of ammonium nitrogen 18 and also using mercury or cyanide has a problem with regard to waste liquid. A solvent extraction method is developed to increase the sensitivity, 19 but the procedure is time consuming and labor intensive. In addition, the method is subjected to interferences from many cations, such as iron, copper, magnesium, calcium, manganese, and zinc in water. An ion-selective electrode method provides the upper working range, allowing measurement up to 100 mg L -1 . 2 However, the detection limit of this method is high, which restricts its application in trace analysis, and the direct analysis may require long equilibration time. A flow injection chemiluminescence analysis has also been used for the determination of ammonium concentration in rainwater samples. 20 However, a limitation to widespread application of this technique is its low sensitivity and the requirement to prepare large quantities of analytical reagents.
Fluorometry is a popular and attractive detection method because of its high sensitivity in detection field. 21, 22 O-Phthaldialdehyde (OPA), usually used in combination with some reductants including sulfite, 23, 24 2-mercaptoethanol 25, 26 and n-acetyl-cysteine, 27 has been widely applied to detect ammonium due to the yield highly fluorescent isoindole derivatives. This fluorometric method is improved by combining with ion chromatography to solve interference problems and enlarge the working range, [28] [29] [30] but it requires expensive chromatographic equipment and a long diffusion time. 31 Benzyl chloride (BnCl) is a clear yellowish, volatile liquid that is widely used as an intermediate for the production of benzyl compounds and quaternary ammonium compounds used in perfumery, dyes and pharmaceuticals. 32, 33 In this paper, BnCl was used as a derivatization agent and reacted with ammonium ion under alkaline conditions. Based on the effect of ammonium ion concentration on the fluorescence intensity of this reacted solution, a new fluorometric method has been proposed to detect the trace ammonium nitrogen concentration in aquatic environment. The proposed method is inexpensive, convenient, and provides a practical method working in a large range of ammonium nitrogen concentration with higher selectivity. The analytical conditions for determination of ammonium nitrogen were optimized, and its application to real water was also investigated with satisfactory results.
Experimental

Reagents
An ammonium nitrogen stock solution (100.0 mg L hydrochloric acid (HCl), which were prepared by dissolving an appropriate amount of each reagent in water. Ammonium chloride was of guarantee reagent grade, the other chemicals were of analytical reagent grade, and double-distilled water was used throughout the present study.
Instruments
The fluorescence spectra were measured with an F-4600 fluorescence spectrophotometer (Shanghai Techcomp Instrument Ltd., Shanghai, China). The fluorescence intensity was obtained using a 1 cm quartz cell. A model HH-601 thermostat bath (Jintan Ronghua Instrument Co., Ltd., Jintan, China) was used to keep the temperature of the system constant. A rotary evaporator (Yarong Biochemical Instrument Co., Ltd., Shanghai, China) was used to concentrate the reacted solution. The Fourier transform infrared (FTIR) spectra of BnCl and the corresponding reacted solution were measured using a Nicolet model IR200 FTIR spectrophotometer (ThermoFisher, USA).
Determination procedure
In a 25.0 mL volumetric flask, 8.0 mL of 6.4 × 10 -4 mol L -1 BnCl, 1.5 mL of 0.5 mol L -1 NaHCO 3 , and an appropriate amount of NH 4 + -N working solution or water samples were added. The flask was then diluted approximately to the scale with water, and placed in a thermostat water bath at 35 ± 0.2 °C for 4 h, after which 2.0 mL of 0.01 mol L -1 HCl was added and the mixture was diluted to the mask with water and then shaken until a homogeneous solution was obtained. When the reacted solution cooled to room temperature, the fluorescence intensity F of the sample solution was determined at an excitation wavelength of 258 nm and emission wavelength of 284 nm. The fluorescence value F 0 of the blank solution without ammonium nitrogen was obtained under the same conditions, then the different value was calculated by ΔF = F -F 0 and used for quantification.
Mechanism analysis
For identifying the reaction mechanism of the proposed method, 0.4 mg L -1 NH 4 + -N solution was reacted according to the above procedure. Then, 250 mL of the reacted solution was extracted with ethyl acetate. In order to allow better extraction, the reacted solution was extracted for three times. Thirdly, the organic extract was enriched to a constant volume in a rotary evaporator under the following conditions: room temperature, 0.09 MPa vacuum pressure, and 75 rpm rotating speed. Finally, the concentrated liquid was dried by anhydrous sodium sulfate and analyzed by FTIR spectrophotometer. Furthermore, the IR spectrum of BnCl dissolved in absolute ethanol was also determined.
Results and Discussion
Spectral characteristics
The solution containing BnCl or ammonium cannot emit fluorescence. However, after the two components chemically reacted under certain conditions, the reacted solution could produce a strong fluorescence signal. The fluorescence spectra produced by the interaction of 2.05 × 10 -4 mol L -1 BnCl and 0.40 mg L -1 NH 4 + -N are shown in Figure 1 . There was a good mirror-image relationship between the excitation and emission spectra. The fluorescence intensity reached the highest value at 258 nm when the excitation spectrum was scanned between 230 and 275 nm. At the same time, the fluorescence intensity attained the highest value at 284 nm when the emission spectrum was scanned at 265 to 350 nm. Therefore, the optimum excitation and emission wavelength are 258 and 284 nm, respectively.
Effects of experimental variables
To take full advantages of the procedure, the reagent concentrations and reaction conditions must be optimized. Various parameters were investigated in order to obtain an optimized system. Each parameter was optimized by setting all other parameters to be constant and optimizing the parameter of interest one at a time. The NH 4 + -N concentration was kept to 0.40 mg L -1 in all reactions. Each experimental variable was replicated at least thrice.
As a fluorescent derivatization reagent of the reaction, the effect of BnCl concentration was studied in the range from 0.26 × 10 -4 to 2.30 × 10 -4 mol L -1 , and the results are shown in Figure 2 . Although containing benzene ring, the BnCl could not launch any fluorescence signal due to the electrophilic group ·Cl group. After the ·Cl group had been removed from the benzyl group through a chemical reaction, the solution began to produce a fluorescence signal. Furthermore, the fluorescence intensity increased with the increase of BnCl concentration, and reached the highest value at 1.79 × 10 . In order to improve the stability and reduce the cost of determination method, a concentration of 2.05 × 10 -4 mol L -1 BnCl was selected in the present study, which was realized by adding 8.0 mL of BnCl working solution to a 25 mL flask. Compared with the fluorometric derivatization with OPA, 15 in which 4 mmol L -1 OPA was used, this new method saved derivation reagents.
In alkaline conditions, the C-Cl bond in BnCl may break and the ·Cl group may be replaced, 34 at the same time, the NH 4 + ion is transformed into the form of NH 3 which can easily provide the ·NH 2 group. Sodium bicarbonate is an acid salt and its aqueous solution has a weak alkalinity, which is conducive to promoting the chemical reaction between the ·Cl and the ·NH 2 group. Furthermore, carbon dioxide is a major product of bicarbonate hydrolysis, which might have little influence on the fluorescence spectra. Therefore, sodium bicarbonate was chosen as an accelerant to promote the ·Cl group in BnCl to be replaced by the ·NH 2 group from ammonium. The effect of sodium bicarbonate concentration was researched in the range from 0.01 to 0.08 mol L -1 , and the results are shown in Figure 3 . It was observed that the fluorescence intensity of the reacted solutions increased with increasing sodium bicarbonate concentration, and reached a maximum at 0.03 mol L -1 NaHCO 3 . It shows that sodium bicarbonate in the experiment could promote the chemical reaction, and the fluorescence intensity of the corresponding product increased with the increase of sodium bicarbonate. However, the excess sodium bicarbonate might lead to the pH value of the reacted solution too high, which affected the determination of the fluorescence intensity. When the NaHCO 3 concentration was over 0.05 mol L -1 , the fluorescence intensity of reacted solutions began to decline rapidly. Therefore, the optimal sodium bicarbonate concentration in the present study was 0.03 mol L -1 , which was realized by adding 1.5 mL of 0.5 mol L -1 NaHCO 3 solution to a 25 mL flask.
The reaction temperature is an important factor in a chemical reaction. The effect of reaction temperature on the fluorescence intensity of reacted solutions was investigated in the range from 15 to 40 °C, and the results are shown in Figure 4 . The ·Cl group was difficult to be replaced by the ·NH 2 group when the reaction temperature was below 15 °C, so the fluorescence intensity of the reacted solution was very weak. The fluorescence intensity increased gradually with the increase of reaction temperature from 20 °C, and stabilized at over 30 °C. BnCl is an active agent and can react with amidocyanogen at low temperature, 35 which is conducive to saving energy in the process of determination of ammonium nitrogen. When the reaction temperature was above 45 °C, the fluorescence signal became unstable because some other reactions might occur under high temperature. Thus, 35 °C was chosen as the optimal reaction temperature in the present study.
It takes a period of time for the ·NH 2 group to replace the ·Cl group in BnCl. The effect of reaction time (t) was also examined in the present study, and the results are shown in Figure 5 . With the extension of reaction time, more and more ·Cl groups were broken from benzyl and the fluorescence intensity of the reacted solution became more and more strong. After reaction time was prolonged to over 4 h, the fluorescence intensity remained stable. Figure 5 also showed that the (ΔF -t) curve was linear in the range from 0.5 to 4 h. The linear relationship can be described as follow:
The regression coefficient of equation 1 is 0.9932. Therefore, the appropriate time by which to conduct the experiments in the present study is 4 h. The apparent reaction rate constant is k = ΔF / t = 6.17 min -1 . The pH value of solution is one of the important factors that influence the fluorescence intensity of the fluorescent substances. 36 The addition of sodium bicarbonate played two roles in the system. On the one hand, it promoted the substitution reaction of the ·Cl group under alkaline conditions, on the other hand, high pH value of the reacted solution affected the determination of the fluorescence intensity of reaction products. Therefore, after the completion of the chemical reaction between ·Cl and ·NH 2 groups, hydrochloric acid was added to adjust the solution pH, which was good for determination of the fluorescence intensity. The effect of hydrochloric acid concentration on the fluorescence intensity of reacted solutions was investigated in the range from 0 to 1.6 × 10 -3 mol L -1 , and the results are shown in Figure 6 . The acidity and alkalinity of solutions had a great effect on the fluorescence determination. Either strong acidic solutions or alkaline solutions were not conducive to the determination of the fluorescence intensity in the system. The fluorescence intensity reached a maximum at 0.8 × 10 -3 mol L -1 HCl. Therefore, the optimal hydrochloric acid concentration in the present study was 0.8 × 10
-3 mol L -1 , which was realized by adding 2.0 mL of 0.01 mol L -1 HCl solution to a 25 mL flask.
The stability of the reacted solution is also an index to evaluate an analysis method. After the completion of chemical reactions, the reacted solution was cooled to room temperature and stored for a long time, and, at the same time, the fluorescence intensity of the same reacted solution was determined at different storage time, respectively. The relationship between the fluorescence intensity and the storage time is shown in Figure 7 . After chemical reactions accomplished for 10 min, the fluorescence intensity was low and unstable, which was because the temperature of the reacted solution could not be stably cooled to room temperature in such a short time. The fluorescence intensity tended to be stable after the reacted solution was stored for half an hour. Even if the solution was stored for 20 h, the fluorescence intensity still reached 3939, which was only 2.1% lower than that stored for 1 h. Therefore, the system of this method was stable, and ammonium nitrogen concentration could be accurately determined using the present method after the solution cooled to room temperature.
Analytical characteristics
Under optimal conditions, the calibration curve for ammonium nitrogen was obtained by plotting the fluorescence signal vs. ammonium nitrogen concentration, as shown in Figure 8 
Selectivity
To study the selectivity of the proposed method, the effect of a series of foreign substances on the determination of 0.40 mg L -1 NH 4 + -N was tested under optimal conditions. Some substances commonly existing in water, and some other substances that usually interfere with the spectrophotometry method, were chosen for the selectivity test. When the effect of each foreign species on the peak height is less than 10.0%, the species is assumed not to interfere in the determination of ammonium nitrogen with the proposed method. The results of selectivity testing are summarized in Table 1 . The proposed method has a good anti-interference capability.
Application
The proposed method was applied to determine NH 4 + -N in different water samples, and its accuracy was verified by recovery studies within the range of linearity. Samples 1 and 2 were simulated water samples with different concentrations, which were made from ammonium nitrogen stock solution. Samples 3 and 4 were treated and untreated wastewater obtained from the sewage treatment plant in Changzhou city, respectively. Samples with high concentrations were diluted appropriately with water prior to measurement so that the NH 4 + -N concentration was in its linear response range. The analysis results are presented in Table 2 . The experimental recoveries of 94.5 to 103.1% indicate that no serious interference was found in the samples. Hence, the proposed method can be satisfactorily used for the determination of ammonium nitrogen in real samples.
Proposed reaction mechanism
Proof of the reaction taking place between BnCl and ammonium ion was provided by the FTIR spectra shown in Figure 9 . In the spectrum (Figure 9a ), the main peak positions (cm -1 ) was found at 3031.51, 1495.67, 1454.15, 932.98, 765.40, 696.53 and 558.48, in which the weak band at 3031.51 corresponded to the =C-H stretching modes and the strong band at 558.48 corresponded to the C-Cl stretching mode. The changes in Figure 9b proved that the ·Cl group in BnCl had reacted with ammonium ion in alkaline solution and been replaced by ·NH 2 . The N-H stretching vibration produced a strong band at 3239.66, which covered the bond at 3031.51 produced by =C-H in benzene ring. The strong bond at 1634.02 corresponded to the N-H bending vibration. Compared with Figure 9a , a new strong bond was produced at 1108.69, which was attributed to the C-N stretching vibration. Therefore, the proposed method might take place the following reaction (Scheme 1).
Conclusions
A highly sensitive and selective determination of ammonium nitrogen was performed using fluorometric derivatization with BnCl. The new method has been successfully applied to the analysis of trace amounts 1000 is the highest ratio tested. 
